The ongoing decline of sea ice threatens many Arctic taxa, including the ivory gull. Understanding how ice-edges and ice concentrations influence the distribution of the endangered ivory gulls is a prerequisite to the implementation of adequate conservation strategies. From 2007 to 2013, we used satellite transmitters to monitor the movements of 104 ivory gulls originating from Canada, Greenland, Svalbard-Norway and Russia. Although half of the positions were within 41 km of the ice-edge (75% within 100 km), approximately 80% were on relatively highly concentrated sea ice. Ivory gulls used more concentrated sea ice in summer, when close to their high-Arctic breeding ground, than in winter. The best model to explain the distance of the birds from the ice-edge included the ice concentration within approximately 10 km, the month and the distance to the colony. Given the strong links between ivory gull, ice-edge and ice concentration, its conservation status is unlikely to improve in the current context of sea-ice decline which, in turn, will allow anthropogenic activities to develop in regions that are particularly important for the species.
Introduction
In recent decades, Arctic sea ice has decreased dramatically in extent and thickness, with important ecological consequences on Arctic biota, especially for marine mammals and seabirds that use the highly productive ice-edge through their life cycles [1] [2] [3] . Besides being one of the very few seabird species specialized on sea-ice habitats, the ivory gull (Pagophila eburnea) is a rare (8000 -11 500 breeding pairs worldwide) and endangered (red listed in all countries where it breeds) Arctic endemic [4] .
Although a few of its colonies have recently been found on sea ice [5] , the ivory gull usually breeds on land but uses sea ice to feed and rest during most of the year and over most of its distribution range [6, 7] . Little is known about its offshore ecology but the species is known both to feed on small fish and invertebrate prey found by hovering a few metres over sea ice and open & 2016 The Author(s) Published by the Royal Society. All rights reserved.
leads, and to scavenge on larger food items like whale or seal carcasses (e.g. remains of polar bear kills [8] ).
Improving our understanding of the links between ivory gull and sea ice has been identified as a research prerequisite before a circumpolar conservation strategy can be implemented [4] . Empirical observations suggest that the ivory gull extensively uses the ice-edge, but the strength of this association and its spatio-temporal variability have never been properly assessed.
Between 2007 and 2013, the movements of 104 ivory gulls belonging to the four existing breeding origins (Greenland, Svalbard, Arctic Canada and Arctic Russia) were monitored with Argos-compatible bird tracking PTTs ( platform terminal transmitters) [6, 7] . For each of the gull positions, ice concentration and distance to the nearest ice-edge were estimated using satellite microwave radiometers [9] .
Based on this unique dataset, this study addressed the following questions: (i) Are ivory gulls really associated with the ice-edge ecotone?; and Which parameters best explain differences (ii) in their use of sea-ice concentrations in time and space or (iii) according to their geographical origin?
Material and methods (a) Ivory gull positions
The 104 ivory gulls were monitored using different types of PTTs and attachments [6, 7] and produced 268 772 positions between  2007 and 2013 (electronic supplementary material, table S1 ).
We used PTT data from the Argos positioning system, restricting data to those points in location classes LC3, LC2 and LC1 with accuracies of less than 250 to less than 1500 m [10] ; we also included LCA, which has an accuracy similar to LC1 [6, 11] . This resulted in 123 787 positions although, for analyses involving ice concentration data, we only used the 78 254 offshore positions that were farther than 20 km from the nearest coast (figure 1; electronic supplementary material, table S1). Indeed, terrestrial positions are not relevant for this study and ice concentration estimated close to land (i.e. 7.5% of all LC321A, of which 73% were produced in June-August close to the colonies and during commuting flights between colonies and feeding grounds) are not reliable owing to mixed coastal pixels [9] .
(b) Sea-ice concentration and distance to ice-edge Gridded daily averages of ice concentration were constructed from data collected by satellite microwave radiometers [9] (http://www. iup.uni-bremen.de:8084/amsr2/) for 6.25 Â 6.25 km pixels over the entire Arctic.
For every gull position, we averaged the ice concentration found on this and the eight adjacent pixels (variable 'IC3x3'; similar in size to a circle of radius 10.5 km around the gull) and then calculated the distance to ice-edge ('d2edge'), distance to open water ('d2water') and distance to high concentration sea ice ('d2ice'), respectively, as the distances to the nearest pixel with IC3x3 between 3 and 30%, less than 3% and more than 30% [12] . Other information extracted from this database and used in this study include: the ice concentration averaged within 50 km ('IC50'; 7854 km 2 ), the regional (limits in electronic supplementary material table S2) and circumpolar extents of sea ice, and the proportion of these areas being covered with different ice concentrations. Orthodromic distances from the known breeding colony ('d2col') were also calculated for each gull position [13] .
(c) Statistical analyses
We tested the influence of several parameters on the proximity of birds to the ice-edge, fitting linear mixed-effect models using the 'lmer' function in the R package lme4 (R Foundation for Statistical Computing, Vienna, Austria). Models included geophysical variables, i.e. IC3x3, d2col and country of origin of the bird in interaction with month and sex. As we had repeated locations for individuals taken in different years, individual identity (nested in country) and year were added as random effects in all the models. We built a set of models with all possible combinations of variables in the global model using a selection procedure described in the electronic supplementary material. We present parameter estimates b + s.e.
Results and discussion
Most ivory gull positions collected during this study were located in highly concentrated sea ice (79.3% have IC3x3 . 30%) and 75% were within 100 km of the ice-edge (62% over ice and 13% over water; figure 1b) . Interestingly, ivory gulls use different ice concentrations during the year, with more than 80% of the positions found in high ice concentrations (IC3x3 . 30%) between May and September compared with fewer than 50% during most of the migrating and wintering seasons (figure 1c). These differences cannot be explained only by differences in availability of sea ice in the Arctic (figure 1d). Indeed, if we compare the frequency distribution of the ivory gull's most used sea-ice concentrations (i.e. IC3x3 between 40 and 90%; figure 1b) with its availability at larger scales, it appears that the birds are primarily using areas where ice concentration is higher than what they would randomly find at these regional and circumpolar scales (figure 1d ). The typical feeding habitat of the species, in small leads that freeze over in winter, is more likely to explain these seasonal changes.
The best retained models to explain d2edge (table 1) ) and sex having no effect (contrast analyses between female and male ¼ 16.68 + 13.96). The main driver of d2edge was IC3x3, but this link can vary spatially and temporally.
Except during active post-breeding migration between October and December, when they cross open water along their flyways in the Davis Strait and Labrador Sea [6, 7] , Canadian and Greenland birds were found closer to highly concentrated sea ice than to open water (figure 2a; electronic supplementary material, table S3). For these birds, d2water and d2edge increased markedly in summer, when they got closer to their remote breeding sites, far from open water and ice-edge. For Svalbard birds, the situation differed on at least two points: (i) because birds migrate later and partly winter off SE Greenland [6] , there was no peak in d2ice in November; (ii) in July, during breeding, d2ice increased while d2water decreased (figure 2a). This latter observation is a clear signature of the shift in feeding grounds recently evidenced in Svalbard [14] : when the ice-edge was too far and had to be reached by flying over open water, some ivory gulls started using nearby marine glacier fronts more frequently.
As d2edge was positively correlated with ice concentrations (figure 1b), seasonal changes were also obvious for the ice concentration used by ivory gulls (figure 2b). Furthermore and rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160277 regardless of their origin, from May to September (when close to breeding grounds) ivory gulls tended to be found (IC3x3) in areas of higher ice concentrations than what was found at a larger (IC50) scale, while in March the trend was opposite (electronic supplementary material, table S4). This changing pattern is easily explained for the summer period because most positions are produced on the inner, icy side of the ice-edge (hence IC50 , IC3x3 because it includes pixels of open water as far as 50 km). In March, which is often the coldest month in the Arctic, we can assume that ivory gulls have no other choice than to feed on the outer, open side of the ice-edge when all leads are frozen (in this case IC3x3 includes more open water than IC50).
Although very few other published studies used Argos tracking data from more than 100 birds [15] , our sample was still too small for Russian breeding birds and for the winter period (solar-powered PTTs produce few positions at high latitudes from October to February; electronic supplementary material, table S5).
Another reason to continue to monitor movements and habitat use of ivory gulls in the long-term is to document species' responses to the ongoing decline of Arctic sea ice and, eventually, to its total disappearance during summer. Our study clearly showed the strong affinity of ivory gull to sea ice and especially to the productive ice-edge where they feed [1] . It has already been shown that sea-ice decline can strongly affect the distribution, behaviour and fitness of marine mammals [1] [2] [3] 16, 17] . Unlike marine mammals, seabirds like the ivory gull cannot fast for long; thus, we assume that, unless they can rapidly and significantly change their foraging ecology, sea-ice decline could impact pagophilous seabirds like the ivory gull dramatically in the future. rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160277
While sea-ice decline is a serious threat to the ivory gull population, contaminants [18] and the important overlap between the ivory gull's distribution range (figure 1a) and offshore oil exploration activities [19] are other major concerns. Ivory gulls consume ice-associated prey and scavenge marine mammal carcasses. Owing to the latter, they have egg concentrations of far-transported industrial contaminants, especially mercury (Hg) and some organochlorines (DDE), that exceed published thresholds known to disrupt the reproductive success of avian species [20] . In fact, the ivory gull have the highest egg Hg concentrations of any Arctic bird, and concentrations of methyl mercury (MeHg) found in feathers have increased by a factor of 45 during the industrialized period from 1877 to 2007 [21] . Oil exploration is potentially adding to these pressures. In the Greenland, Barents and Kara seas, important breeding and summering areas for ivory gulls [6, 22] , several oil consortiums were granted exploration and exploitation licences in 2013-2014, while in the Labrador Sea, a key winter habitat for ivory gulls [6, 7] , oil exploration has already started. Thus, further monitoring of the ivory gull population is critical to assess their responses to these and other new stressors (e.g. shipping routes, mining, infrastructure) and to develop adapted conservation strategies. 
